A study was conducted to determine some of the factors affecting the P requirement for the biodegradation of p-nitrophenol, phenol, and glucose by Pseudomonas and Corynebacterium strains. Mineralization of glucose was rapid and the Pseudomonas sp. grew extensively in solutions with 5 and 10 mM phosphate, but the rate and extent of degradation were low and the bacterial population never became abundant in media with 0.2 mM phosphate. Similar results were obtained with the Corynebacterium sp. growing in media containing p-nitrophenol or phenol and in solutions with a purified phosphate salt. The extent of growth of the Corynebacterium sp. was reduced with 2 or 10 mM phosphate in media containing high Fe concentrations. Ca at 5 mM but not 0.5 mM inhibited p-nitrophenol mineralization by the Corynebacterium sp. with phosphate concentrations from 0.2 to 5.0 mM. Phenol mineralization by the Pseudomonas sp. in medium with 0.2 mM phosphate was rapid at pH 5.2, but the bacteria had little or no activity at pH 8.0. In contrast, the activity was greater at pH 8.0 than at pH 5.2 when the culture contained 10 mM phosphate. These effects of pH were similar in media with 5 mM Ca or no added Ca. We conclude that the effect of P on bacterial degradation can be influenced by the pH and the concentrations of Fe and Ca.
Phosphate is known to be a factor limiting the growth and primary production of phytoplankton, but it also may limit biodegradation by heterotrophs of low concentrations of synthetic organic compounds. The addition of P to lake water enhanced bacterial decomposition of p-nitrophenol (PNP) (7, 12) . Because the addition of P sometimes increases the rate of biodegradation, it is important to be able to predict the concentration required to bring about the stimulation in natural environments. Such predictions are difficult because P precipitates with di-and trivalent cations, its solution chemistry is affected by the cations present, and the pH affects both the ionic species of Pi in solution and the identity of the soluble products of reactions with cations.
Information on reactions that affect phosphate availability to microorganisms is scant. Natural waters may be rich in Ca and Mg, and soils and sediments often contain reactive Ca, Fe, and Mg. Such cations may alter the availability of P to microorganisms in ways analogous to how they affect P availability to rooted plants (3) . Furthermore, the relative abundance of mono-and dibasic Pi as well as the identities of the Ca, Fe, and other salts varies with the pH values of natural environments (3, 9, 10) .
Hence, a study was conducted to determine some of the factors affecting the availability of phosphate for microbial degradation of organic chemicals.
MATERIALS AND METHODS
The inorganic salts solution contained 60 mg of Na2HPO4, 25 mg of K2HPO4, 25 mg of KH2PO4, 10 To measure mineralization, "4C-labeled compounds (1,000 to 2,000 dpm per ml) were added to 250-ml Erlenmeyer flasks. The final substrate concentration was varied by adding different amounts of unlabeled compounds. Duplicate flasks for each treatment were incubated on a rotary shaker operating at 100 rpm at 30°C in the dark. At regular intervals, 1.0-ml samples were transferred to scintillation vials, and the liquids were acidified with 200 ,ul of 1.0 M sulfuric acid. Air was bubbled vigorously through the liquid for 5 min to drive off C02, and then 3.5 ml of Liquiscint scintillation cocktail (National Diagnostics, Inc., Somerville, N.J.) was added to the acidified samples. The radioactivity was counted with a liquid scintillation counter (model LS 7500; Beckman Instruments, Inc., Irvine, Calif.).
Growth was determined concomitantly with mineralization. The cultures were grown in 250-ml Erlenmeyer flasks containing 100 ml of medium, and the flasks were incubated in the dark at 30°C on a rotary shaker operating at 100 rpm. Duplicate samples were taken from duplicate flasks at specific intervals; one sample was used to determine mineralization, and the other was used for measurements of turbidity. The instantaneous growth rates were calculated from the rates of increase in turbidity. The turbidity measurements were made against blanks composed of uninoculated solutions containing the phosphates and other medium components. The coefficients of variation in the measurements of growth were between 2 and 6%, except that the coefficient was 15% in media with 1.5 mM P and 5 mM Ca. Each point in the figures designating the percentage of 14C mineralized is the mean of single samples taken from duplicate flasks. The coefficients of variation for all of these values representing radioactivity were less than 2.5%. [U-14C]PNP (30 mCi/mmol) was purchased from ICN, Irvine, Calif. The radiolabeled chemicals were of greater than 97% purity, as determined by the manufacturers.
RESULTS
Isolate. The PNP-utilizing bacterium is a gram-negative, polar flagellated, motile rod that oxidizes glucose, fructose, acetate, and benzoate. It produces acid from glucose and fructose, accumulates poly-p-hydroxybutyrate, grows at 41°C, is oxidase and catalase positive, does not produce a fluorescent pigment, and is indole, methyl red, and VogesProskauer negative. It is designated Pseudomonas sp. strain B.
Mineralization and growth. Measurements were made of the effect of the concentration of added Na2HPO4 on the mineralization of 10 ,ug of glucose per ml and concomitant growth of Pseudomonas sp. In solutions containing 5 and 10 mM phosphate, glucose mineralization was extensive, and more than 80% of the carbon was converted to volatile products (Fig. 1) ization were somewhat greater with 10 mM phosphate than with 5 mM phosphate.
A similar study was conducted with purified NH4H2PO4 added to media inoculated with Corynebacterium sp. The organic substrate was PNP at 200 ng/ml. With this P source, the rates of mineralization in solutions with 0.2 mM and no added phosphate were essentially the same (Fig. 2) . Mineralization was far more rapid and extensive in solutions with 5 mM P, and the rate and extent were somewhat greater with 10 mM phosphate.
The effect of these P concentrations was also tested with Corynebacterium sp. inoculated into inorganic salts solutions containing 10 Effect of Ca. An investigation was carried out to determine whether Ca affects the mineralization of 50 ng of PNP per ml by Corynebacterium sp. in solutions with two P levels. The extent of mineralization was markedly less in media containing 5 mM Ca than in media with lower Ca levels at both P concentrations (Fig. 3) various P concentrations was determined. Corynebacterium sp. at an initial density of 5.0 x 103 cells per ml was inoculated into a medium containing Tris-maleate buffer, inorganic salts, 100 ng of PNP per ml, and various Ca and P concentrations. At all P concentrations, growth was faster with the low Ca concentrations and the rate was highest with no added Ca (Fig. 4) . The rate of multiplication of the bacteria was reduced at phosphate levels below 1.0 mM regardless of the Ca concentration. Effect of pH. A study was conducted of the interaction of pH and Ca on the rate of utilization of 50 ng of phenol per ml by Pseudomonas sp. grown in a medium with inorganic salts and 0.1 M Tris-maleate buffer. At pH 8.0 in a medium containing no added Ca or 5 mM added Ca, little or no mineralization of phenol was observed in solutions with 0.2 mM P, but the activity was high in media with 10 mM P (Fig.  5) . At pH 5.2, in contrast, phenol was rapidly metabolized at a low P concentration, but the conversion was much slower and the extent was less in media with 10 mM P, regardless of the Ca concentration. The data thus show a dramatic effect of pH on the response to P.
A white precipitate appeared only in the medium at pH 8.0 containing 5 mM added Ca, and the amount was appreciable in media with 10 mM phosphate. The pH rose by 0.3 unit. A precipitate was not evident in the Ca-amended samples at pH 5.2, and the pH change was less than 0.1 unit at 0.2 and 10 mM phosphate. The pH did not change in media without added Ca.
DISCUSSION
The addition of P to natural waters has been reported to increase, decrease, or have no effect on the mineralization of organic chemicals (13, 14) . Kuiper and Hanstveit (8) observed that the rate of biodegradation of chlorophenols in samples of marine waters was limited by a deficiency of inorganic nutrients. Atlas and Bartha (1) suggested that the low concentrations of N and P in seawater limit the growth of bacteria that degrade petroleum. Vashon et al. (15) observed that the acclimation period for mineralization of nitrilotriacetic acid is shorter in waters in which the concentrations of such cations as Ca and Mg are high than in waters containing low concentrations of the cations. Zaidi et al. (16) suggested that bacteria are affected by ion imbalance during APPL. ENVIRON. MICROBIOL. the degradation of organic compounds at low concentrations.
The effect of pH on the equilibrium of H2P04-and HP042-is well known, and the role of Fe and Ca in precipitating phosphate is widely recognized. However, the chemistry of P is also affected by Ca Because the concentration of available P is frequently less than that required for rapid biodegradation of environmental pollutants, phosphate is frequently added to contaminated sites to enhance bioremediation (5) . Yet phosphate exists as ionic species of differing availability to plants (4) , and the availability is influenced by soil pH (2) . Phosphate can react with divalent and trivalent cations to give soluble molecular and ionic species (11) as well as insoluble salts. Further study of the availability to microorganisms of these forms of P is thus warranted from the viewpoint of broadening our understanding of the mineral nutrition of microorganisms and bringing about more effective bioremediation of contaminated sites.
